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Phytopathogenic bacteria, fungi, and oomycetes invade and colonize their host plants through distinct
routes. These pathogens secrete diverse groups of effector proteins that aid infection and establishment
of different parasitic lifestyles. Despite this diversity, a comparison of different plant-pathogen systems
has revealed remarkable similarities in the host immune pathways targeted by effectors from distinct path-
ogen groups. Immune signaling pathways mediated by pattern recognition receptors, phytohormone
homeostasis or signaling, defenses associated with host secretory pathways and pathogen penetrations,
and plant cell death represent someof the key processes controlling disease resistance against diverse path-
ogens. These immune pathways are targeted by effectors that carry a wide range of biochemical functions
and are secreted by completely different pathogen groups, suggesting that these pathways are a common
battleground encountered by many plant pathogens.Introduction
The rhizosphere and phyllosphere of terrestrial plants are home
to an enormous number of microorganisms, many of which are
potentially pathogenic at certain stages during their associations
with plants (Berendsen et al., 2012; Hirano and Upper, 2000).
These pathogens use diverse routes to penetrate physical
barriers and colonize host plants with different lifestyles.
However, plants are able to sense invading microbes, mount
effective defenses, and remain healthy the majority of time
(Jones and Dangl, 2006). Nonetheless, occasional breach of
the plant immune system by pathogens can cause severe
diseases to crop plants and poses a major threat to agriculture
(Cui et al., 2009; Oliva et al., 2010). The molecular bases of
plant disease resistance and microbial pathogenesis have
been the central questions for those studying plant-pathogen
interactions.
Like animals, plants possess a surveillance system detecting
conserved microbial molecular signatures, termed pathogen-
or microbe-associated molecular patterns (PAMPs), to trigger
immunity (Boller and Felix, 2009). In addition, host-derived
signals generated during pathogen infection or mechanical
damage, called damage-associated molecular patterns
(DAMPs), serve as another means by which the host senses
pathogen infection (D’Ovidio et al., 2004; Huffaker et al., 2006).
Receptors perceiving PAMPs and DAMPs are collectively called
pattern recognition receptors (PRRs). Unlike animal PRRs, which
consist of both plasma membrane-localized Toll-like receptors
(TLRs) and cytoplasmic NOD-like receptors (NLR), plant PRRs
are exclusively plasma membrane-localized receptor-like
kinases or receptor-like proteins (Monaghan and Zipfel, 2012).
Plants do carry a large number of NLR proteins, but they do
not appear to recognize PAMPs or DAMPs. Instead, plant
NLRs exclusively detect intracellular pathogen effector proteins
and trigger immune responses in a highly specific manner. In this
review, plant immunity triggered by PAMPs and DAMPs through484 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.PRRs is referred to as pattern-triggered immunity (PTI; Tsuda
and Katagiri, 2010), whereas intracellular effector-triggered
immunity through NLRs is referred to as effector-triggered
immunity (ETI; Jones and Dangl, 2006). Together PTI and ETI
limit microbial entry, restrict pathogen propagation, or kill patho-
gens inside plant tissues.
Advances in microbial genomics have uncovered a large
number of effectors from phytopathogenic microbes devoted
to pathogenesis. Systematic characterization of effectors from
model pathogens such as the gram-negative bacteria Pseudo-
monas syringae and Xanthomonas spp. led to the identification
of multiple host targets, many of which are key players in the
plant immune system (Block and Alfano, 2011; Deslandes and
Rivas, 2012; Feng and Zhou, 2012). In contrast, relatively little
is known about host targets for effectors from filamentous path-
ogens, which include fungi and oomycetes. However, emerging
evidence suggests that several pathogenic strategies employed
by bacterial pathogens are also adopted by filamentous patho-
gens to subvert the host immune system (Bozkurt et al., 2012;
de Jonge et al., 2011; Oliva et al., 2010; Rafiqi et al., 2012).
Here we review plant immune mechanisms in the context of
different plant-pathogen systems and explore how effectors
from distinct pathogens have independently evolved to subvert
common host immune pathways.
Biology of Phytopathogens and Effectors
Based on their lifestyles on plants, phytopathogenic microbes
can be divided into biotrophs, hemibiotrophs, and necrotrophs.
While biotrophs feed on living cells and activelymaintain host cell
viability, necrotrophs kill host cells before feeding on dead
tissues. Hemibiotroph adopts an early biotrophic phase followed
by a necrotrophic phase. Pathogen lifestyle is largely determined
by effectors, which are proteins and secondary metabolites
elaborated by the pathogen that directly interact with the host
and enhance virulence (Collmer et al., 2009; Hogenhout et al.,
Figure 1. Schematic Representation of
Infection Processes of Distinct Pathogen
Groups
(A) Invasion by bacterial pathogens through
stomata (e.g., P. syringae).
(B) Major events during hemibiotrophic fila-
mentous pathogen infection (e.g., Phytophthora
infestans). Note that plant cell death (orange)
occurs at the necrotrophic infection stage.
(C) Infection by obligated biotrophic pathogens
that form haustorium in the host cell (e.g.,Blumeria
graminis).
(D) Infection by biotrophic pathogens that
only develop intercellular infection hyphae (e.g.,
C. fulvum). Pathogens are shown in purple,
whereas live plant cells are in green. Red and
yellow circles represent apoplastic and intracel-
lular effectors, respectively. Gc, germinated cysts;
Ap, appressorium; Spm, sporangium; Cm, conid-
ium; Gt, germ tube; Ih, infection hyphae; Sp,
spores; H, haustorium.
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and hemibiotrophic pathogens that directly interfere with plant
immunity.
Hemibiotrophic bacterial pathogens such as Pseudomonads
and Xanthomonads enter plant tissues through natural openings
including stomata, hydathodes, and wounds (Figure 1A). Once
inside intercellular spaces or vascular tissues, the bacterium
senses the host environment and switches to a parasitic lifestyle
through extensive transcriptional reprogramming, although the
nature of the host signals that trigger this switch remains elusive
(Huynh et al., 1989; Lan et al., 2006; Tang et al., 2006).
Fungal and oomycete pathogens produce various types of
spores, which adhere to the plant surface. Upon stimulation by
appropriate signals, the spores germinate and form an extended
germ tube that migrates toward favorable infection sites on the
plant surface. The germ tube of most fungi and oomycetes
develops a specialized structure called appressorium, from
which a penetration peg directly pierces the cuticle and cell
wall layers through mechanical force and enzymatic softening
of the plant cell wall (Horbach et al., 2011). Inside host tissues,
the hyphal tip of some obligate biotrophs (e.g., Blumeria grami-
nis) or hemibiotrophs (e.g., Phytophthora infestans) projects
into the host cell through invagination of the host plasma
membrane, with the latter tightly surrounding the newly formed
pathogen membrane, forming a second specialized structure
called haustorium (Figures 1B and 1C; Horbach et al., 2011;
Kamoun, 2006). Haustoria are not only responsible for nutrientCell Host & Microbe 12,uptake but also represent the prime
site of effector secretion (Mendgen and
Hahn, 2002). In addition, some patho-
gens (e.g., Cladosporium fulvum and
Uromyces appendiculatus) enter plant
tissues through stomatal openings (Fig-
ure 1D; Thomma et al., 2005). The germ
tube of U. appendiculatus can accurately
locate the host stoma and form a tightly
fitted appressorium over it, from which
a fine hyphae grows into the plant tissue
(Hoch et al., 1987). C. fulvum invades
host cells by forming long, branchedintercellular hyphal structures with no obvious haustorium (Fig-
ure 1D; Thomma et al., 2005).
Phytopathogen effectors can be delivered into the apoplast,
the free space outside the plant plasma membrane, or inside
the host cell. Apoplastic effectors include cell wall-degrading
enzymes (CWDEs), toxins, and various cysteine-rich proteins.
CWDEs and toxins are important virulence factors for necrotr-
ophs but are thought to be less important for biotrophs and
hemibiotrophs (Barras et al., 1994; Cantu et al., 2008). Biotrophic
and hemibiotrophic fungal and oomycete pathogens secrete
a variety of cysteine-rich proteins into the host apoplast whose
stability is likely enhanced by intramolecular disulfide bridges
(Kamoun, 2006). Some of these effectors are inhibitors of host
antimicrobial hydrolytic enzymes including chitinases, gluca-
nases, and proteases (de Jonge et al., 2011; Oliva et al., 2010),
while others possess Lysine motifs (LysMs) capable of chitin
binding (Mentlak et al., 2012; Stergiopoulos and de Wit, 2009;
Thomma et al., 2005). These inhibitors not only serve to protect
the pathogen cell wall from destruction by host-derived lytic
enzymes, but also prevent the release of cell wall fragments
that are PAMPs detected by host PRRs (Figure 2). In addition,
some cysteine-rich effectors, such as necrosis and ethylene-
inducing peptide (NEP) family proteins, are found in diverse
pathogens, whereas the elicitin family is specific to oomycetes
(Kamoun, 2006). Apoplastic effectors can be recognized by plant
PRRs as PAMPs and trigger immune responses (Kamoun, 2006;
Qutob et al., 2006).October 18, 2012 ª2012 Elsevier Inc. 485
Figure 2. Suppression of Plant PRR-Mediated Surveillance System
by Pathogen Effectors
Bacterial and filamentous pathogen-derived PAMPs, e.g., flg22 and chitin
fragments (Chi), induce host defense responses mediated by plant PRRs, e.g.,
FLS2, CEBiP, and CERK1. Intracellular effectors from P. syringae (AvrPto,
AvrPtoB, AvrPphB, HopF2, HopAI1, and HopU1), X. campestris campestris
(AvrAC), P. sojae (Avr3b and Avr1b), and H. arabidopsidis (ATR1 and ATR13)
target the indicated PTI signaling events inside the plant cell. Precise targets
for H. arabidopsidis ATR1 and ATR13 remain unknown. Apoplastic effectors
including C. fulvum Ecp6 and M. oryzae Slp1 compete with chitin receptors
CEBiP and CERK1 for chitin binding. The C. fulvum apoplastic effector Avr4
protects fungal hyphae from degradation by plant-derived chtinases (CHN).
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hemibiotrophic pathogens. Bacterial pathogens can deliver
these effectors into the host cell through the type III, type IV,
and type VI secretion systems. Among these, the type III secre-
tion system is of utmost importance for plant bacterial patho-
gens such as Pseudomonas syringae, Xanthomonas spp., and
Ralstonia solanacearum. The N terminus of type III effectors
displays biased amino acid composition and serves as a signal
recognized by the type III secretion machinery (Collmer et al.,
2002; Vinatzer et al., 2005). The type IV secretion system is
responsible for the delivery of Agrobacterial virulence proteins
and the transfer DNA into host cells (Christie, 2004).
Intracellular effectors of fungal and oomycete pathogens are
presumably targeted to extracellular spaces by their N-terminal
signal peptide before being translocated into the plant cell.
How these effectors are translocated into the plant cell is an
active area of investigation. Many oomycete effectors possess
a RXLR-dEER motif that serves as a signal for translocation
(Dou et al., 2008b; Whisson et al., 2007). A second class of
oomycete intracellular effectors, called CRN effectors, use
a FLAK motif for translocation (Schornack et al., 2010). It is likely
that other intracellular effectors also possess translocation
signals. For example, many candidate intracellular effectors
from cereal powdery mildew and rust pathogens possess a
Y/F/WxCmotif that may serve as a novel signal for host cell entry
(Godfrey et al., 2010; Spanu et al., 2010). How these signals
assist in targeting effectors into the plant cell is not understood,
but the RXLR-dEERmotif has been reported to mediate host cell
entry by binding to phosphatidyl inositol phosphates on the outer486 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.surface of plant plasma membranes (Kale et al., 2010), a finding
that is subject to some debate. It is not clear if intracellular
effectors of filamentous pathogens are translocated through a
specialized structure. Nonetheless, Magnaporthe oryzae intra-
cellular effectors have been found to preferentially accumulate
in the biotrophic interfacial complex (BIC), a novel interfacial
structure associated with the first invading hyphae (Khang
et al., 2010). Interestingly, several candidate effectors ofColleto-
trichum higginsianum are found to accumulate in the interfacial
bodies on the surface of biotrophic hyphae, reminiscent of BIC
(Kleemann et al., 2012). These exciting findings provide mecha-
nistic insights into effector translocation for these pathogens.
PRR-Mediated Surveillance System as a Major
Battleground
Our understanding of the PRR-mediated surveillance system
has increased exponentially in the past decade. Several PRRs,
such as FLS2 and EFR, which recognize bacterial flagellin and
EF-Tu, respectively, are leucine-rich repeat receptor kinases
that, upon binding to their ligands, recruit another receptor-like
kinase BAK1 or one of its close homologs to form an active
receptor complex (Chinchilla et al., 2007; Heese et al., 2007;
Schulze et al., 2010). However, at least some PRRs do not
require BAK1 for function. The chitin receptor kinase CERK1
(Miya et al., 2007; Wan et al., 2008) binds chitin through LysMs
in the ectodomain and apparently undergoes a ligand-induced
homodimerization to induce CERK1 phosphorylation and sig-
naling (Liu et al., 2012). In rice, chitin perception also requires a
receptor-like protein CEBiP, which contains two LysMs in the
ectodomain but lacks a cytoplasmic kinase domain (Kaku
et al., 2006). FLS2, EFR, and likely CERK1 constitutively interact
with the receptor-like cytoplasmic kinase (RLCK) BIK1 and its
close homolog PBL1 (Lu et al., 2010; Zhang et al., 2010). Activa-
tion of PRRs by PAMPs leads to BIK1 phosphorylation and its
subsequent dissociation from PRRs. While substrates of BIK1
remain to be identified, a number of downstream signaling
components have been identified for PTI signaling. Calcium
influx is triggered immediately following PAMP perception
(Jabs et al., 1997; Pugin et al., 1997; Ranf et al., 2011), and this
likely leads to the activation of several calcium-dependent
kinases (Boudsocq et al., 2010). In addition, rapid production
of reactive oxygen species (ROS) through the NADPH oxidase
RbohD (Zhang et al., 2007) and the PRX33 peroxidase (Daudi
et al., 2012), and activation of MAP kinase cascades (Nu¨hse
et al., 2000) are also required for PTI defenses, which include
transcriptional activation of a number of defense-related genes,
biosynthesis and secretion of antimicrobial compounds, and
fortification of the plant cell wall. PRRs are also subject to posi-
tive and negative regulation through transcriptional control,
endocytosis, and ubiquitin-mediated degradation (Robatzek
et al., 2006; Boutrot et al., 2010; Mersmann et al., 2010, Lu
et al., 2011).
The importance of PTI in resistance against hemibiotrophic
bacteria is well established (Lacombe et al., 2010; Lee et al.,
2009; Zipfel et al., 2004). Emerging evidence indicates that PTI
is also critical for resistance against biotrophic, hemibiotrophic,
and necrotrophic fungi and oomycetes. For instance, BAK1
and its close homolog BKK1, which are coreceptors for
PRRs, are required for full resistance to Hyaloperonospora
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Arabidopsis (Roux et al., 2011). Similarly, BAK1 is also required
for Nicotiana benthamiana resistance to P. infestans, a hemibio-
trophic pathogen that caused the potato famine 1.5 centuries
ago (Chaparro-Garcia et al., 2011). Arabidopsis and tomato
plants lacking BIK1 are highly susceptible to the necrotrophic
pathogens B. cinerea and A. brassicicola (Abuqamar et al.,
2008; Veronese et al., 2006), suggesting that PTI is important
for resistance to necrotrophs. Indeed, pretreatment of Arabidop-
sis plants with PAMPs leads to increased resistance toB. cinerea
(Laluk et al., 2011). The importance of the BIK1 family of RLCKs
in plant immunity is gaining further support from the finding
that overexpression of a BIK1 family member in rice leads to in-
creased resistance to the rice pathogens X. oryzae andM. oryzae
(Dubouzet et al., 2011).
An intense search for P. syringae and X. campestris type III
effector targets has identified a number of targets operating in
PTI pathways (Figure 2; Block and Alfano, 2011; Deslandes and
Rivas, 2012; Feng and Zhou, 2012). Remarkably, at least four
type III effectors from P. syringae and X. campestris have been
found to target PRR complex components. The P. syringae
type III effector AvrPto directly targets FLS2 and EFR to block
PTI signaling (Xiang et al., 2008, 2011), likely through inhibiting
the PRR’s kinase activity (Xing et al., 2007). AvrPto may target
additional PRRs, as expression of AvrPto in plants leads to the
inhibition of defenses induced by multiple PAMPs. Another
P. syringae type III effector, AvrPtoB, also possesses kinase-inhi-
bition domains that can target BAK1, CERK1, and FLS2 (Cheng
et al., 2011; Gimenez-Ibanez et al., 2009; Go¨hre et al., 2008;
Zeng et al., 2011). These two effectors are of primary importance
for the well-studied P. syringae strain DC3000. Simultaneous
deletion of avrPto and avrPtoB from DC3000 not only causes
marked reduction of bacterial virulence but also renders other
type III effectors ineffective (Lin and Martin, 2005; Cunnac et al.,
2011). A third component of the PRR complex, BIK1, is targeted
byat least two type III effectors. TheP. syringaeeffectorAvrPphB,
a cysteine protease, can inhibit PTI signaling by cleavingmultiple
members of the BIK1 family of RLCKs (Zhang et al., 2010). The
X. campestris effector AvrAC uses a novel uridylyl-transferase
activity to block the activation of BIK1, thereby promoting viru-
lence (Feng et al., 2012). Interestingly, the P. syringae type III
effector AvrB has been shown to interact with RIPK, another
BIK1 family, tomodulate host defenses (Liu et al., 2011). Although
it is not known if this is related to the virulence function of AvrB,
this finding suggests that the BIK1 family of RLCKs is subject to
repeated attacks by many bacterial effectors.
While it remains to be seen if any filamentous pathogen effec-
tors directly attack PRR complex components, some fungal
pathogens have evolved alternative strategies to counter PRR
surveillance system in the host plant. LysM domain proteins
are widely distributed in fungal pathogens and have emerged
as important effectors (Bolton et al., 2008). The C. fulvum apo-
plastic effector Avr4 binds chitin through its LysMs and protects
the fungal cell wall from plant chitinases (van den Burg et al.,
2006). This may prevent the release of chitin and subsequent
detection of this PAMP by host chitin receptors (Figure 2). Impor-
tantly, the C. fulvum apoplastic effector ECP6 and theM. oryzae
apoplastic effector Slp1 have been shown to interfere with PRR
function (de Jonge et al., 2010;Mentlak et al., 2012). These effec-tors possess three LysMs and compete with chitin receptors for
chitin binding, preventing fungal recognition in plants. Both
ECP6 and Slp1 are required for full virulence of the fungi,
indicating that avoiding host surveillance is important for the
establishment of parasitism. Thus bacterial and fungal patho-
gens have evolved different tactics to evade or block PRR-
mediated surveillance.
In addition to PRR complexes, pathogen effectors can target
downstream components to suppress PTI (Figure 2). The
P. syringae type III effectors, including HopAI1 and HopF2,
directly attack components of MAPK cascades to inhibit PTI
signaling (Wang et al., 2010; Zhang et al., 2007, 2010). HopAI1
is a phosphothreonine lyase that dephosphorylates MAP
kinases, whereas HopF2 uses ADP-ribosyltransferase activity
to inhibit MAP kinase kinases. In addition, P. syringae type III
effector HopU1 is a potent ADP ribosyl-transferase that specifi-
cally modifies RNA binding proteins GRP7 and GRP8, thereby
impeding their RNA-binding function and inhibiting plant immu-
nity (Fu et al., 2007; Jeong et al., 2011).
Although it remains to be seen if PTI signaling components are
similarly targeted by various filamentous pathogen effectors,
engineered delivery of a number of effectors including ATR1 and
ATR13 from the obligated oomycete pathogen H. arabidopsidis
through the P. syringae type III secretion system enhances
bacterial virulence (Fabro et al., 2011). This activity is correlated
with the ability of these effectors to inhibit PAMP-induced callose
deposition, suggesting that these effectors also target PTI
signaling pathway (Figure 2). The future identification and char-
acterization of host targets for these effectors are likely to bring
exciting insight into host immune mechanisms responsible for
resistance against a wide range of pathogens.
Phytohormone Signaling Is Targeted by Effectors
Plant hormone homeostasis and responses play a major role in
plant-pathogen interactions (Robert-Seilaniantz et al., 2011).
Salicylic acid (SA), ethylene (ET), and jasmonic acid (JA) are
dubbed defense hormones in plants. In many cases, SA is
required for resistance to biotrophic pathogens, whereas JA
and ET are required for resistance to necrotrophic pathogens.
The SA and JA/ET pathways act largely in an antagonistic
manner. Different plant hormones modulate plant immunity
and/or susceptibility through a complex hormone-hormone
interaction network and crosstalks with plant immune signaling
pathways (Robert-Seilaniantz et al., 2011). For example, treat-
ment of Arabidopsis with flg22, the bacterial flagellin-derived
elicitor peptide, induces the plant microRNA miR393, which
specifically represses transcripts of the auxin receptor gene
TIR1 (Navarro et al., 2006). Furthermore, activation of brassinos-
teroid signaling can both repress PTI signaling through a BAK1-
independent mechanism and enhance PTI signaling through
a BAK1-dependent mechanism (Albrecht et al., 2012; Belkhadir
et al., 2012). Thus accurate regulation of different hormonal
pathways is an inseparable part of the plant immune system.
Naturally, plant pathogens have evolved a variety of strategies
to overcome plant hormone-mediated immunity or induce host
susceptibility by interfering with various hormonal processes.
Many plant pathogens actively manipulate plant hormone
pathways for pathogenesis either through microbial production
of phytohormones or functional analogs of phytohormones orCell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 487
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evidence indicates that pathogen effectors can modulate
hormonal responses in plants. For example, the P. syringae
type III effectors AvrB, AvrPtoB, and AvrRpt2 have been shown
to stimulate host gene expression that is normally induced by
JA, ABA, and auxin, respectively (He et al., 2004; Chen et al.,
2007; de Torres-Zabala et al., 2007). AvrPto and AvrPtoB induce
ET biosynthesis to stimulate cell death in tomato plants (Cohn
and Martin, 2005). The X. campestris pv. vesicatoria type III
effector AvrBs3 induces hypertrophy by transcriptionally acti-
vating auxin response gene expression (Kay et al., 2007).
Furthermore, effectors encoded by the P. syringae conserved
effector locus have been shown to suppress the SA-mediated
disease resistance (DebRoy et al., 2004).
How pathogen effectors alter plant hormone biosynthesis or
responses remains largely unknown. However, the P. syringae
type III effector HopI1 uses its J domain to interact with HSP70
in chloroplasts, and this interaction suppresses SA accumulation
through an unknownmechanism (Jelenska et al., 2007).Ustilago
maydis, a hemibiotrophic fungal pathogen, has evolved a
different strategy to inhibit SA biosynthesis in plants. Its intracel-
lular effector Cmu1 is a functional chorismate mutase that
converts chorismate to prephenate (Djamei et al., 2011). Choris-
mate is a key intermediate in the biosynthesis of SA (Wildermuth
et al., 2001), and the action of Cmu1 effectively depletes choris-
mate and suppresses SA accumulation. Interestingly, genes
encoding secreted chorismate mutases exist in many genomes
of eukaryotic biotrophic and hemibiotrophic plant pathogens
but occur rarely in necrotrophs, suggesting that this mechanism
is particularly important for biotrophs and hemibiotrophs (Djamei
et al., 2011). Collectively, these findings indicate that bacterial
and fungal pathogens have independently evolved different
intracellular effectors to actively suppress SA accumulation.
In plants, JA is perceived by receptor complexes consisting of
the COI1 F box protein and the JAZ family of transcription core-
pressors. Binding of JA to COI1 enables COI1-JAZ interaction
and subsequent ubiquitination and degradation of JAZ, enabling
JA response gene transcription (Chini et al., 2007; Thines et al.,
2007). AvrB perturbs JA signaling, as observed by the upregu-
lated expression of JA response genes. This effector has also
been shown to interact with MPK4, the RPM1-interacting protein
RIN4, and the HSP90 chaperone complex component RAR1.
AvrB induces MPK4 phosphorylation in a RAR1-dependent
manner, and this may lead to RIN4 phosphorylation. RAR1,
MPK4, and RIN4 are all required for AvrB-induced JA response
gene expression (Cui et al., 2010; Shang et al., 2006). It is not
known how the AvrB-MPK4-RIN4 pathway regulates JA sig-
naling, but COI1 is required, suggesting that AvrB may indirectly
regulate COI1- and JAZ-dependent signaling. It is interesting to
note that several H. arabidopsidis and P. syringae effectors have
been reported to interact with JAZ3 in a protein interactome
study, suggesting that these effectors can directly modulate
JA signaling (Mukhtar et al., 2011). Together these studies high-
light plant hormone-mediated immunity as another major battle-
ground for pathogen effectors.
Effectors Battling for Pathogen Entry
An understudied battleground is plant immune mechanisms that
restrict pathogen entry. Attempted penetration by filamentous488 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.pathogens is known to provoke plant defenses exemplified by
production of ROS, secretion of antimicrobial protein and
metabolites, and cell wall apposition. For example, infection of
Arabidopsis plants by the nonadapted powdery mildew path-
ogen Blumeria graminis f. sp. hordei (Bgh) triggers callose depo-
sition at the site of attempted penetration, and this response
correlates with the aborted penetration by this pathogen. Three
Arabidopsis genes, PEN1, PEN2, and PEN3, controlling this
penetration level resistance have been characterized (Collins
et al., 2003; Stein et al., 2006). PEN1, a plasma membrane-
resident syntaxin protein, forms a heterotrimeric SNARE
complex with SNAP33 and VAMP721/722 to control vesicle-
mediated exocytosis (Kwon et al., 2008). PEN2 is a myrosinase
that likely converts the pathogen-induced glucosinolates, which
are tryptophan-derived secondary metabolites, into products
with antimicrobial activity (Bednarek et al., 2009). PEN3, an
ATP-binding cassette transporter located in the plasma mem-
brane, is thought to play a role in the secretion of antimicrobial
products. How does a virulent powdery mildew fungus over-
come this penetration resistance? It has been postulated that
the adapted pathogenmay have evolved tolerance to the antimi-
crobial compounds produced by the PEN2 pathway (Schulze-
Lefert and Panstruga, 2011). However, the adapted fungus
may also have evolved active mechanisms to suppress the
penetration resistance. Indeed, the adapted fungus does not
induce strong callose deposition at the site of penetration,
implying an active suppression or evasion of the host surveil-
lance system by this fungus.
A recent study on Colletotrichum higginsianum elegantly
showed that some of the effectors expressed early during the
infection are secreted through the appressorial penetration
pore before the penetration peg is called into action (Kleemann
et al., 2012). An intriguing possibility is that these effectors act
as ‘‘anesthetic agents’’ that calm the host cell, so that the subse-
quent penetration is met with minimal resistance. Another recent
study on the U. maydis apoplastic effector Pep1 provides
exciting insights into the mechanism by which this fungal path-
ogen overcomes penetration resistance in plants (Figure 3).
A U. maydis strain lacking the Pep1 gene elicits strong penetra-
tion resistance exemplified by the accumulation of hydrogen
peroxide and callose at the site of penetration (Hemetsberger
et al., 2012). In contrast, these responses were largely sup-
pressed by the wild-type fungus, indicating that Pep1 plays
a crucial role in the suppression of this penetration resistance.
Further analysis showed that Pep1 directly targeted the maize
apoplastic peroxidase POX12, and U. maydis penetration was
inhibited by application of horse radish peroxidase, which
belongs to the same family of peroxidase as POX12. Conversely,
silencing of POX12 suppressed ROS production and allowed the
penetration by the Pep1-deletion mutant strain. These results
indicate that, like the PRX33 peroxidase which is involved in
ROS production during PTI (Daudi et al., 2012), POX12 is
required for ROS production, and that specific targeting of
POX12 by Pep1 suppresses the penetration resistancemediated
by ROS (Hemetsberger et al., 2012).
Penetration immunity also plays a key role in bacterial resis-
tance in plants. The initial exposure of plants to P. syringae
rapidly induces stomatal closure upon the perception of PAMPs
by the immune receptor FLS2, significantly reducing bacterial
Figure 3. Effectors Interfering with Penetration Immunity
TheU.maydis apoplastic effector Pep1 binds to and inhibits a host peroxidase
(POX12) in the apoplast to suppress the production of reactive oxygen species
(e.g., H2O2) and papillae (orange) formation at the penetration site. P. syringae
produces coronatine (COR) to promote stomatal opening. P. syringae type III
effectors AvrB, AvrPto, and AvrPtoB may interfere with stomatal closure via
different mechanisms, although their translocation into the guard cell remains
to be shown. GC, guard cell.
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abscisic acid (ABA) signaling pathway is required for the FLS2-
triggered stomatal closure, illustrating how the PRR surveillance
system co-opts an existing abiotic stress response pathway for
defenses. Interestingly, hydrogen peroxide plays an important
role in stomata penetration resistance, as the ABA-induced
production of H2O2 is known to trigger stomatal closure through
a receptor-like kinase, GHR1 (Hua et al., 2012). Furthermore,
a recent study showed that an aspartate oxidase is required
for elf18-induced H2O2 production and stomatal closure (Macho
et al., 2012), further supporting the importance of H2O2 in PAMP-
induced penetration resistance.
Strikingly, some virulent P. syringae bacteria produce a toxin
called coronatine which structurally and functionally mimics JA-
Ile, an active form of JA. These bacteria are capable of reversing
the PAMP-induced stomatal closure through crosstalk between
JA and ABA signaling pathways (Figure 3; Melotto et al., 2006). It
is not known if any effector proteins modulate stomatal opening.
However, it was recently shown that RIN4 positively regulates
plasma membrane proton ATPases AHA1 and AHA2 to open
stomata (Liu et al., 2009). The fact that RIN4 is a target of
AvrB raises the possibility that AvrB may enhance virulence by
promoting stomatal opening, although it is not known if AvrB
is delivered into the guard cell. Since AvrB is known to regulate
RIN4 phosphorylation through MPK4 and RIPK, it is tempting to
speculate that these phosphorylations may play a role in regu-
lating the proton ATPases that regulate stomatal aperture.
Furthermore, the ability of AvrPto and AvrPtoB to block PRR
signaling may also suppress stomata penetration resistance
(Figure 3). P. syringae mutants in which the avrPto and avrPtoB
genes are deleted show virulence defects specifically when
Arabidopsis plants are challenged through leaf surface, but
not when they are infiltrated into leaves (He et al., 2006; Xiang
et al., 2008). Type III effector genes are expressed largely afterpenetration, raising the question of whether the bacterium is
able to inject type III effectors into the guard cell prior to pene-
tration. However, at least some type III effectors have been
shown to be expressed during epiphytic association (Lee
et al., 2012). Alternatively, a small number of bacteria that
have entered into the substomatal chamber before PAMP-
induced stomatal closure may allow the injection of type III
effectors into the guard cell. It is interesting to note that AvrB
can at least partially complement the coronatine deficiency of
a P. syringae strain (He et al., 2004), further raising the possibility
that AvrB can phenocopy coronatine to regulate stomatal
opening (Figure 3).
Effectors Targeting Secretory Pathway-Associated
Immunity
Rapid and polarized delivery of vesicles containing various anti-
microbial metabolites and proteins into the apoplast, where the
pathogen resides, is critical to halt pathogen infection (Frei dit
Frey and Robatzek, 2009; Hu¨ckelhoven, 2007). The trans-Golgi
network/early endosome (TGN/EE) is likely responsible for the
production of these vesicles during defenses. Indeed, it was
recently shown that the Arabidopsis protein MIN7, an ADP ribo-
sylation factor guanine nucleotide exchange factor associated
with TGN/EE, is required not only for PTI, but also for ETI and
SA-induced resistance to P. syringae (Nomura et al., 2011).
The PEN1-SNAP-VAMP721/722 SNARE complex likely controls
the deposition of antimicrobial cargo, as VAMP722 is associated
with vesicles and mobilizes to the site of attempted penetration
(Kwon et al., 2008).
The first piece of evidence that plant pathogens actively
manipulate the immune secretory pathway came from the study
of the P. syringae type III effector HopM1, which directly inter-
acts with MIN7 (Nomura et al., 2006). HopM1 induces MIN7
degradation in a proteasome-dependent manner, but the bio-
chemical function of HopM1 remains unknown. While it remains
to be explored if any filamentous pathogen effectors directly
interfere with host secretory pathway, the P. infestans protein
AVRblb2, an RXLR effector, has been shown to block the secre-
tion of the host papain-like cysteine protease (PLCP) C14
(Bozkurt et al., 2011). Transient overexpression of AVRblb2 in
plants significantly enhances susceptibility, whereas overex-
pression of C14 enhances host resistance to P. infestans. The
mechanism by which AVRblb2 inhibits C14 secretion is not
known. However, the Arabidopsis apoplastic PLCP RD19 can
be redirected to the nucleus by the R. solanacearum type III
effector PopP2 when the latter is expressed as a transgene
(Bernoux et al., 2008), suggesting that this bacterial pathogen
has evolved a unique strategy to prevent PLCP secretion. Extra-
cellular PLCPs are additionally targeted by apoplastic effectors
from both oomycete and fungal pathogens. P. infestans ex-
tracellular protease inhibitors (EPICs) EPIC1 and EPIC2B
have been shown to bind and inhibit tomato apoplastic PLCPs
RCR3 and PIP1 with overlapping specificities (Song et al.,
2009). Similarly, the C. fulvum apoplast effector Avr2 also
possesses EPIC activity and targets RCR3 and PIP1 (Song
et al., 2009). These findings suggest that secretion of extracel-
lular PLCPs is of critical importance to plant immunity and
that pathogens have evolved both intracellular effectors and
apoplastic effectors to counter this immunity.Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc. 489
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Amajor consequence of pathogen infection is plant cell death. In
plant-biotrophic pathogen interactions, recognition of the path-
ogen by NLRs and PRRs often leads to the hypersensitive
response (HR; Coll et al., 2011), a programmed cell death that
is thought to restrict the pathogen to a small number of infected
host cells, although disease resistance and the HR can be un-
coupled in some cases. Thus successful biotrophs must actively
suppress HR. In contrast, active killing of host cells is promoted
by the pathogen to facilitate the infection in plant-necrotroph
interactions (Mengiste, 2012). In plant-hemibiotrophs interac-
tions, host cell death is likely suppressed by the pathogen in
the biotrophic phase but promoted during necrotrophic phase
(Coll et al., 2011). This differential manipulation of host cell death
is likely to be critical for the phase transition of these pathogens.
Because some effectors are recognized by NLRs and PRRs in
the host plant, it is common that biotrophs and hemibiotrophs
accumulate mutations in these effector genes to evade recogni-
tion and avoid the triggering of HR. These pathogens also deploy
effectors to actively suppress HR. Nearly half of the annotated
Phytophthora RXLR effectors and a quarter of H. arabidopsidis
RXLR effectors contain a WY domain, which forms a conserved
a-helical protein fold (Bozkurt et al., 2012). Functional analysis of
the P. sojae effector Avr1b indicates that the WY domain is
required for cell death inhibition (Dou et al., 2008a). Interestingly,
this domain is not found in necrotrophic oomycete pathogen
Pythium ultimum RXLR effectors (Bozkurt et al., 2012), sug-
gesting that biotrophic (H. arabidopsidis) or hemibiotrophic
oomycete (Phytophthora) pathogens have devoted a large
number of RXLR effectors to the biotrophic lifestyle by suppress-
ing host cell death. Inhibition of HR may also represent a major
function for bacterial pathogenesis, as most of the P. syringae
type III effectors are able to suppress the ETI-associated HR
(Guo et al., 2009).
A number of effectors have been shown to inhibit HR by
attacking the host surveillance system. The P. infestans RXLR
effector IPI-O1 has been reported to target the legume-like
lectin receptor kinase LecRK-1.9 in the apoplast to destabilize
continuum of the host cell wall and plasma membrane (Bouw-
meester et al., 2011). A recent report, however, showed that it
also triggers HR through a direct interaction with the coiled-
coil (CC) domain of the potato NLR protein RB (Chen et al.,
2012). This finding implies a cytoplasmic localization of IPI-O1.
Interestingly, another RXLR effector IPI-O4 is able to inhibit this
HR by interacting with the same RB CC domain. The RB activa-
tion is likely mediated by the oligomerization of the CC domain,
and IPI-O4 may interfere with this oligomerization or block inter-
actions of the CC domain with other signaling components.
Effectors can also inhibit the HR by interfering with host proteins
required for NLR function. For example, AvrB induces RIN4T166
phosphorylation through RIPK (Liu et al., 2011), and this phos-
phorylation results in the activation of the NLR protein RPM1
(Chung et al., 2011; Liu et al., 2011). At least two type III effectors
are known to interfere with the RPM1-specified HR. AvrAC does
so by uridylylating RIPK (Feng et al., 2012), whereas AvrRpt2,
a cysteine protease, blocks this HR by specifically degrading
RIN4 (Kim et al., 2005). Some Arabidopsis plants carry another
NLR protein RPS2 to recognize AvrRpt2 and trigger HR. RPS2
is kept at an off state through a physical interaction with RIN4490 Cell Host & Microbe 12, October 18, 2012 ª2012 Elsevier Inc.but activated upon the cleavage of RIN4 by AvrRpt2. It was
recently shown that HopF2 can directly interact with RIN4 to
block the RIN4 cleavage by AvrRpt2, thereby blocking the
RPS2-specific HR (Wilton et al., 2010). Pathogen effectors can
also act downstream of immune receptors to block cell death.
The P. infestans RXLR effector Avr3a has been shown to
suppress HR by interacting with and stabilizing CMPG1, a host
E3 ubiquitin ligase that negatively regulates HR controlled by
multiple PRRs and NLRs (Bos et al., 2010). The P. sojae RXLR
effector Avr3b contains a Nudix hydrolase motif to mimic host
ADP-ribose/NADH pyrophosphorylase and represses plant
defenses. This motif is essential for the inhibition of ROS accu-
mulation in Nicotiana benthamiana and suppression of the HR
in soybean (Dong et al., 2011). Furthermore, the inhibition of
the maize peroxidase POX12 by U. maydis Pep1 enables the
fungus to suppress the ROS-induced cell death (Hemetsberger
et al., 2012).
The necrotrophic phase is an integral part of hemibiotroph
pathogenesis. Emerging evidence indicates that hemibiotrophic
pathogens have evolved secondary metabolites (Howlett, 2006)
and effectors to actively promote host cell death. For example,
NEP-like proteins (NLPs) that are broadly distributed from
prokaryotic to eukaryotic pathogens are known to induce cell
death in dicotyledonous plants (Qutob et al., 2006). Overexpres-
sion of NLPs in C. coccodes not only dramatically increases its
aggressiveness on the host plant but also expands its host range
(Amsellem et al., 2002). Deletion of the gene in Pectobacterium
carotovorum reduces its aggressiveness on potato tubers
(Ottmann et al., 2009). These results suggest that NLPs benefit
necrotrophic growth of these pathogens by promoting host cell
death, at least in dicots. It is not known, however, if any NLPs
from obligate biotrophs and monocot plant pathogens con-
tribute to aggressiveness. In addition to NLPs, several P. sojae
RXLR effectors expressed in the necrotrophic phase are also
known to trigger host cell death (Wang et al., 2011). Genetic
evidence is needed to establish whether these RXLR effectors
enhance pathogen aggressiveness by promoting host cell death.
It is not clear how the effectors mentioned above trigger host
cell death. NLPs can induce comprehensive immune responses
resembling that evoked by bacterial flagellin, suggesting an
involvement of PRRs (Qutob et al., 2006). The NLP-induced
cell death in dicotyledonous plants is light dependent and at
least partially requires HSP90 (Qutob et al., 2006), which is
known to be required for NLR-induced HR. In a separate study,
a NLP from the necrotrophic pathogenPythium aphanidermatum
was shown to exhibit structural similarities to actinoporins,
a group of cytolytic toxins that form transmembrane pores to
causemembrane disintegration (Ottmann et al., 2009). It remains
to be determined if the cell death induced by this NLP involves
active participation of the host plant. It is worth noting that the
necrotrophic pathogen Cochliobolus victoriae, which produces
a host-killing toxin called victorin, requires the Arabidopsis
NLR protein LOV1 for victorin sensitivity and virulence (Lorang
et al., 2007). These findings indicate that the programmed cell
death normally involved in plant immunity can be exploited by
phytopathogens for necrotrophy.
Hemibiotrophic bacterial pathogens may also actively induce
cell death for pathogenesis. For instance, it was reported that
HopM1 is required for P. syringae to cause disease lesions on
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shown to promote cell death and disease lesion development on
tomato plants in an ET-dependent manner at late stages of
disease (Cohn and Martin, 2005). Likewise, the X. campestris
type III effector XopN is required to promote tomato leaf necrosis
at late stages of disease (Kim et al., 2009). XopN interacts with
TARK1, a receptor-like kinase, and TFT1, a 14-3-3 protein.
Genetic evidence indicated that TARK1 and the XopN-TFT1
interaction are required for the XopN-induced necrosis (Kim
et al., 2009; Taylor et al., 2012). It should be pointed out that
these bacterial effectors also contribute to virulence at early
stages of disease before necrosis develops, suggesting that
they play a dual role in virulence.
Delicate control of biotrophic and necrotrophic phases is crit-
ical for hemibiotrophs. This likely involves the timely expression
of effectors with opposing activities of host cell death manipula-
tion (Wang et al., 2011). Intracellular effectors that suppress host
cell death are often expressed during the biotrophic phase,
whereas NLPs and some of the death-inducing RXLR effector
genes are expressed in the necrotrophic phase. For example,
NLPs in P. sojae and C. higginsianum are highly induced during
the transition from biotrophy to necrotrophy (Kleemann et al.,
2012). In contrast, the P. infestans effector gene SNE1, which
inhibits NLP-induced cell death when transiently expressed in
plants, is highly expressed in the biotrophic phase but decreases
concomitantly with the increased expression of NLPs (Kelley
et al., 2010). Similarly, some of the C. higginsianum effectors ex-
pressed during the biotrophic phase can inhibit cell death when
artificially expressed in plants and promote bacterial infection
when delivered by P. syringae (Kleemann et al., 2012), whereas
most lytic enzymes are induced at the switch to necrotrophy
(O’Connell et al., 2012). Future genetic studies are needed to
establish if the death control by these effectors is responsible
for proper phase transition and pathogenesis in these hemibio-
trophs.
Conclusions
Bacterial, fungal, and oomycete pathogens secrete distinct
classes of effectors into the apoplast or inside the plant cell.
Our understanding of how these effectors promote parasitism
has largely derived from studies on bacterial type III effectors.
However, emerging data suggest that several key processes in
plant immunity are targeted by effectors from not only bacterial
pathogens, but also fungal and oomycete pathogens. Subver-
sion of host immunity can be achieved via apoplastic effectors
and intracellular effectors possessing completely unrelated
biochemical functions, illustrating how different microbes have
independently evolved mechanisms to inhibit common immune
pathways in plants. Recent advances in microbial genomics
have identified numerous effectors from various phytopatho-
gens, particularly filamentous pathogens. Characterization of
these effectors provides tremendous opportunity to probe the
aforementioned immune pathways.
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